Two functional groups on the potato virus X protein subunit were titrated between pH 7"0 and 5"5. Titration of these groups at 2o °C was the same as that at 4 °C. There was no evidence of polymerization of subunits in o.I M-KCI over the range pH 3"7 to m'3.
Extensive studies have been made of the intersubunit interactions of the coat protein of tobacco mosaic virus (TMV, a rigid rod-shaped virus) and of the assembly of TMV particles from its protein and RNA. In recent years, a few of the flexuous rod plant viruses have been the subject of investigations of this type. Studies from this laboratory dealing with the reconstitution of one of these viruses, potato virus X (PVX), have demonstrated ways in which interactions between PVX protein subunits and between PVX protein and RNA appear to differ from those of other rod-shaped viruses (Goodman, I975; Goodman, Home & Hobart, I975) . I report here a hydrogen-ion titration study of PVX and PVX protein which supports some of these apparent differences.
The XHR strain of PVX and its coat protein were prepared as previously described (Goodman et al. i975) . Before titration, virus particles or virus protein were dialysed for z to 3 days against several changes of o.~ M-KC1 and their concentrations were determined by u.v. absorption (Reichmann, I959) .
De-ionized water used in the preparation of all dialysis and titrant solutions was boiled to expel CO~. Standard KOH solutions were prepared from concentrated volumetric solutions (BDH Chemicals Ltd) and were diluted immediately before titration. HC1 solutions prepared from standard volumetric solutions, were titrated with the standard KOH and adjusted to the appropriate concentration.
Titrations were done in a sealed, water-jacketed vessel of 5 ml capacity under a constant flow of nitrogen gas. A combined glass-calomel microelectrode attached to a Radiometer Type TTT1 pH meter was used. Addition of titrants was from a Radiometer Autoburette of o-25 ml capacity and was recorded automatically on a Radiometer Type SBR2 Titragraph.
About Io mg virus particles or protein in 4 ml o.I M-KC1 were stirred in the vessel for 30 rain under nitrogen gas at the appropriate temperature. Titrations were then carried out, over a period of about 4 h per sample, from an initial pH of 5"7 down to a point just above the limit of titration reversibility, then up to a pH just below the alkaline reversibility limit, and down again to the initial pH. An equal volume of the final dialysis solution for each sample was titrated in the same manner.
The volumes of titrant added were read from the recorder chart at intervals of o'25 pH units. At each interval, the amount of titrant added to the solvent blank, after algebraic correction for the difference between the total volume of sample and blank, was subtracted from the amount added to the sample. The resulting values were converted to protons bound or released per protein subunit of mol. wt. z29oo (Goodman, I975) . Since neither acid nor alkaline endpoints were reached and reproducible values for isoionic points were not obtained, the positioning of titration curves with respect to protons titrated was arbitrary. PVX protein was titrated in the range pH 3"7 to 10. 3 (Fig. I) ; outside these limits titration was markedly irreversible. There was evidence of hysteresis below pH 5"5 and above pH 8"25 though the maximum extent of the effect was less than I proton per subunit. The reason for the hysteresis is not known. The curves at 4 and 20 °C were almost identical except at pH 9 and above where the temperature-dependence of the titration of basic groups was evident.
Short communications
The titration behaviour of PVX protein differs from that of TMV protein (Scheele & Lauffer, 1967; Butler, Durham & Klug, 1972) in at least two ways. With the latter, there is a temperature-dependent uptake of about 2 protons per subunit as the pH is lowered from pH 7"0 to 5"5 and the subunits are rapidly converted into helical polymers which resemble intact TMV. In this same pH range, approximately two groups per PVX subunit are also titrated, but there is no difference between the curves at 4 and 20 °C. Furthermore, there is no evidence of polymerization of PVX protein, as judged by the lack of appearance of turbidity, during this treatment or, in fact, over the entire pH range of the titrations.
The protein subunit of the X~R strain of PVX contains 2 histidine residues (Goodman, ]975). These are the most obvious candidates for the 2 groups titrated in the range pH 5"5 to7 and, perhaps, for the groups which show a pK~ of about 5"6 during circular dichroism and fluorescence titrations (Homer & Dalton, I976) . The absence of dependence of protonuptake on temperature in this range, however, weakens the case for this assignment. It is also possible that the activity in this pH range is due to the titration of I or 2 carboxyl groups with abnormally high pK values, as has been proposed for TMV protein (Caspar, I963; Butler et al. I972) . This would require that one or both imidazole groups are 'inaccessible'. Titration in this range does not involve an e-amino group since the N-terminus of PVX protein is acetylated (Niu, Shore & Knight, 1958) . It is much less likely that phenolic, e-amino or guanidyl groups are involved, though it has been suggested that it may be the protonation of two lysine e-amino groups with abnormal pK values that accompanies the polymerization of TMV protein below pH 7 (Scheele & Lauffer, I969) . The lack of evidence of polymerization of PVX protein during titration is compatible with sedimentation studies (Goodman, 1975) which revealed no aggregates of the protein at 20 °C in o.oi to o.02 M-N,N-bis(2-hydroxyethyl)glycine (Bicine) at pH 6 to 6.8 with or without o.I M-KC1 or NaCI. The formation of discs and short stacks of discs of PVX protein has been reported (Goodman et al. I975; Kaftanova et al. 1975 ) but the required conditions [exposure of subunits to o.2 M-phosphate buffer at pH 7"o to 7"5 for over 24 h (Kaftanova et al. 1975) ] were markedly different from those in the sedimentation and titration experiments. Whether the formation of these aggregates is reversible was not mentioned.
PVX was titrated between pH 4"3 and 9"6 (Fig. 2) . Above this range, the virus particles were degraded; below pH 4 theybecame highly aggregated. There was very little evidence of hysteresis. Titration behaviour at 2o °C was the same as at 4 °C. Comparison of the virus and protein curves shows that, during titration from pH 8.0 to 6.0, the virus appeared to bind about 0"5 more protons per subunit than the protein. Whether this is due to the presence of virus RNA is not known. In the range pH 6.o to 4"5, the protein took up about 2 more protons per subunit than the virus. This observation is of interest in the light of evidence (Homer & Dalton, 1976 ) that, in this pH range, isolated protein subunits, but not subunits in the virus particle, undergo a conformational change and that this change may have an adverse effect on the reconstitution of PVX.
In summary, PVX does not display the remarkable sensitivity, with respect to intersubunit interaction, to pH changes at pH 6 to 7 as does TMV protein. However, under appropriate conditions (low ionic strength, pH 6.2, 2o°C but not 4 °(3) mixing of PVX protein and PVX-
